Various axenic strains of Microcystis aeruginosa were found to have different short term toxic effects on Daphnia magna. One of these toxic manifestations, the "blocking" effect, markedly reduced the food uptake by the daphnids. In addition, several of the Microcystis strains are lethal for juvenile and adult daphnids. No correlations were found between the blocking of ingestion, lethality to daphnids, and the "mouse-killing" factors of Microcystis. Thus, several toxic principles are responsible for the different short term toxic manifestations.
Microcystis aeruginosa is commonly involved in freshwater blooms. On many occasions such blooms have been followed by a mass poisoning of livestock and wild life (mammals and birds). These toxigenic blooms have been reported from many countries (Schwimmer and Schwimmer 1969; Carmichael 198 1; Codd 1984) . Studies of Microcystis toxins have shown that more than a single toxic principle is involved (Foxall and Sasner 198 l) , with different toxic manifestations (Codd and Carmichael 1982; Slatkin et al. 1983) , different species specificities (Foxall and Sasner 198 l) , various molecular weights (Runnegar and Falconer 198 l) , and different amino acid composition (Santikarn et al. 1983) .
Increasing attention has been given to the relationship between M. aeruginosa and aquatic grazers such as Daphnia magna (Lampert 198 1, 1982) . Studies have emphasized both toxic and nutritional effects of M. aeruginosa on D. magna and have investigated the grazing efficiency of daphnids feeding on the cyanobacterium. Different investigators working with different ' This work was funded in part by the German Ministry for Research and Technology (BMFT) in the framework of the joint German Israeli Research program on aquaculture (NCRD project GR 154/AQlO) and the Wolfson Foundation. R. Hubbert helped during preparation of this manuscript.
systems have often reached conflicting conclusions. De Bernardi et al. (1980) showed that M. aeruginosa is grazed efficiently by daphnids if the number of cells in the colony is not >5. Sorokin (1968) concluded that many cyanobacteria play a minor trophic role since these species are eaten only occasionally or some, such as M. aeruginosa, are not consumed at all. Stangenberg (1968) and Lampert (1982) An interesting phenomenon observed in various water bodies in Israel is the temporal separation of D. magna from M. aeruginosa. The former is characteristic of winter and early spring while the latter occurs during late spring, reaching the azimuth population density in late summer and autumn. A similar phenomenon has been observed by Edmondson and Litt (19 82) ; in a study of the plankton population of Lake Washington, blooms of Oscillatoria were negatively correlated with daphnid abundance.
We report here an investigation of the interactions between a clone of D. magna and various axenic strains of M. aeruginosa known to vary in their toxigenicity.
Materials and methods Cyanobacteria and algae: Growth conditions -Axenic cultures of 12 Microcystis strains isolated from different places, including fishponds in Israel, were used in our study (Table 1 ). All these strains appear as unicellular cyanobacteria. The diameter of the cells was 4-5 pm; during division, when cells are elongated, their size was 4-5 E.crn x 7-8 pm. Most of these strains have been shown to possess varying toxigenic effects when injected into mice (Codd and Carmichael 1982; Siegelman pers. comm.) .
Axenic cultures of Scenedesmus obliquus, obtained from I. Dor, were used as standard food for the daphnids. This strain grew in culture as a unicellular organism, 4-6 pm x lo-16 ym.
Algae and cyanobacteria were grown on medium Chu 11 (Zehnder and Gorham 1960) with the addition of microelements (Arnon 1935) . Media were autoclaved (120°C for 15 min). Cultures were maintained in 100 ml of medium in 250-m] Erlenmeyer flasks. Our S. obliquus was grown in 2 liters of medium with a continuous stream of filtered air. We used 100 ml of a logarithmic phase culture as inoculum.
Cultures were maintained at 26°C. Illumination was provided by 40-W white fluorescent tubes. The intensity of light reaching the cultures was 26 PEinst cm-2 s-' for Scenedesmus and 4 yEinst cm-2 s-* for the cyanobacteria.
Quantitation of cyanobacteria and algae-Quantitation was based on Chl a determinations with a modification of Lorenzen's (1967) method. The modifications consisted of the extraction of cyanobacteria with acetone and algae with ethanol, and the removal of cyanobacteria from suspension by centrifugation rather than filtration. The final concentration of acetone was 8 5%.
Cultivation of the Daphnia clone-We collected Daphnia from a fishpond at NirDavid in January 198 1 and a single female was used to start the clone. The clone was grown at 16"C, in constant illumination from a 40-W fluorescent tube with intensity adjusted to 5 PEinst cm-2 s-I. The volume of the inverted cone culture vessel was 70 liters. It was filled with tapwater and continually aerated. The bottom of the cone was fitted with a tap to facilitate removal of solid debris. The Daphnia culture was fed daily with 200 ml of a S. obliquus culture (2 X lo6 cells ml-l; 250 pg proteins ml-'). This diet was used as a sole food source for the daphnids for more than 2 years, without any visible damage. The daphnids were harvested by filtration through a 47-mm-diam, 600-pm-mesh disk and transferred to the test medium. The following parameters can be used as indicators of the state of health of these daphnids: time to first brood, 1 l-12 days; time between broods, 4-5 days; mean number of neonates per brood, 20 for "small" females (body length-3.8 mm) and 69 for larger females (body length -5.8 mm); mean lifespan, 45 days.
Ingestion experiments-The grazing experiments as well as all other experiments were carried out at the illumination and temperature described above. Fifteen daphnids (< 1 mm long) were used per lo-ml sample of medium in test tubes 15 mm wide.
The Microcystis concentration at the beginning of each experiment was 3.5 x 1 O7 cells ml-l (160 ,ug proteins ml-l). The Scenedesmus concentration at this stage of the experiments was 2 x lo6 cells ml-l. Grazing was allowed to proceed for 24 h, during which time bacterial contamination was low. Daphnid survival-In these experiments, juvenile daphnids (< 1 mm long) as well as preadult specimens (2-3 mm long) were tested.
Offspring and dead specimens were removed and water was replaced daily. Densities of daphnids and of the food particles in the renewed medium were the same as in the ingestion experiments. Cyanobacterial and algal cultures were in the logarithmic phase when used in these experiments.
Eflect of age of M. aeruginosa on daphnid survival -Sixty-day-old cultures of M. aeruginosa, which under these conditions reaches stationary phase after 10 days, were fed to D. magna (2-3 mm long). The performance of these daphnids was compared with that of daphnids from cultures fed 60-day-old S. obliquus. The procedure of this experiment, including water replacement and the densities of daphnids and food particles, was identical to that of the "daphnid survival" experiments.
Each of these experiments, as well as daphnid survival and ingestion experiments, was repeated at least three times.
Results
Ingestion experiments-When Daphnia was exposed to food particles the gut content was rapidly replaced by the new food. This could be seen by using carmine-stained starch particles. However, when the daphnids were placed in a medium lacking food particles, the gut content was not evacuated. It would appear that movement through the gut occurs in response to food particles being forced in through the mouth.
Various strains of M. aeruginosa affected the feeding by daphnids in different ways. On some strains (008, 7002) there was a high grazing rate, while others (004, 007) exerted a "blocking" effect that prevented food uptake. All the other strains showed varying degrees of depressed grazing (Fig.  1) .
Similar results were obtained when strain 004, which effectively blocked daphnia ingestion, was mixed with the actively ingested strain-008 (Fig. 2) . Strain 004, which is toxic to mice, decreased the uptake of nontoxic strain 008 in this experiment. In other experiments daphnids were fed various M. aeruginosa strains followed by carmine-dyed starch suspension. In these experiments, daphnids took up the starch irrespective of the Microcystis strain given to them previously-including toxic and nontoxic strains. Thus it appears that the blocking phenomenon is reversible.
The eflect of M. aeruginosa on daphnid survival over a period of 4 days--n experiments to check the effect of ingestion of M. aeruginosa and S. obliquus on the survival of daphnids, survival rate was relatively lower among adult and juvenile daphnids offered M. aeruginosa 7820 or 7 8 13 than those fed on S. obliquus. No mortality of daphnids was observed in the group offered M. aeruginosa 004. This strain blocked and thus allowed survival, while strains 7820 and 7813 also blocked, but incompletely, and killed the daphnids. Mortality in these experiments was not due to starvation since, in the control, such mortality began only after the third day (Fig. 3) . The effect of M. aeruginosa 7820 on juvenile and preadult daphnids is also shown in Fig. 3 ; the graph summarizes the mean values of three replicates.
The toxicity of aged Microcystis was much greater than that of logarithmic phase cultures (Fig. 4) . The Scenedesmus stationary phase cultures were not toxic to the daphnids. Adult and young daphnids placed in the supernatant of centrifuged cultures of M. aeruginosa 7820 also survived.
Discussion
Daphnia grazing on several axenic strains of M. aeruginosa (004, 007, 7806, 78 13, 7820 ) was suppressed by these strains. This indicates that these strains contain toxic principles causing blocking, absent in other strains (008, 7002) . This observation confirms Lampert's ( 1982) Lampert ( 1982) proposed that the reduction of filtering rate is an algal survival response to grazing pressure by daphnids. The converse could, however, be true; that it is a defense mechanism by daphnids against temporary toxic blooms. Porter et al. (1982) suggested that the reduction in grazing was due to rejection of food collected in the food groove. This could be true in the case of M. aeruginosa 027, which was observed to sediment as a floc to the bottom of the test tube. The floc could be the product of algae ejected from the oral groove. It is also however possible that these floes may have been agglomerations of algal cells which passed through the gut without being digested.
Gerritsen and Porter (1982) proposed a new theory to explain feeding selectivity based on the surface charge of the particles. They showed that uncharged particles were most readily captured. Electrostatic charge had greater effect in food selectivity than did size or chemotaxis. The selectivity in the uptake of different strains of M. aeru- The increased toxicity of aged M. aeruginosa is not due to an accumulation of extracellular metabolites, since the supernatant of these cultures showed no toxic effects. We can assume that it is a reflection of a qualitative or quantitative change in the intracellular content of this cyanobacterium, or both. Daphnids have been used as bioassay organisms in various tests to determine the toxicity of a wide spectrum of substances (Leonhard and Lawrence 198 1) . The toxigenic properties of different strains of Microcystis, as well as the blocking reaction of D. magna (Figs. 3,4) , enables the utilization of D. magna as a test animal in the bioassay of Microcystis toxicities. However, if the purpose of the bioassay is to determine toxicity to mammals, daphnids are unsuitable as test animals.
